Primeval forests are today exceedingly rare in Europe and transfer of forest reproductive material for afforestation and improvement have been very common, especially over the last two centuries. This can be a serious impediment when inferring past population movements in response to past climate changes such as the last glacial maximum (LGM), some 18,000 years ago. In the present study, we genotyped 1,672 individuals from three Picea species (P. abies, P. obovata, and P. omorika) at 400K SNPs using exome capture to infer the past demographic history of Norway spruce and estimate the amount of recent introduction used to establish the Norway spruce breeding program in Southern Sweden. Most of these trees belong to P. abies and originate from the base population of the Swedish breeding program. Others originate from populations across the natural ranges of the three species. Of the 1,499 individuals stemming from the breeding program, a large proportion corresponds to recent introductions. The split of P. omorika occurred 23 million years ago (mya), while the divergence between P. obovata and P. abies began 17.6 mya. Demographic inferences retrieved the same main clusters within P. abies than previous studies, i.e. a vast northern domain ranging from Norway to central Russia, where the species is progressively replaced by Siberian spruce (P. obovata) and two smaller domains, an Alpine domain, and a Carpathian one, but also revealed further subdivision and gene flow among clusters. The three main domains divergence was ancient (15 mya) and all three went through a bottleneck corresponding to the LGM. Approximately 17% of P. abies Nordic domain migrated from P. obovata ~103K years ago, when both species had much larger effective population sizes. Our analysis of genome-wide polymorphism data thus revealed the complex demographic history of Picea genus in Western Europe and highlighted the importance of material transfer in Swedish breeding program. TSUDA et al. (2016) suggested that the difference in 69 pattern could be explained by asymmetric migration 70 of pollen and seed. Their study also confirmed the 71 extent of introgression from P. obovata into northern 72 P. abies populations and linked it to the post-glacial 73 recolonization process. Two migration barriers were 74 revealed: one in the Western Urals between the 75 northern domain of P. abies and P. obovata and a 76 second one between the Alps and Carpathian 77 Mountains (TSUDA et al. 2016). The presence of three 78 P. abies domains has been confirmed by studies using 79 variation in cone morphology (BORGHETTI et al. 80 1988), organelle DNA markers (ACHERE et al. 2005; 81 TOLLEFSRUD et al. 2008), AFLP (ACHERE et al. 82 2005), sequence data (Heuertz et al. 2006) and 83 genome-wide restriction site DNA markers 84 (FAGERNÄS 2017). 85 Although based on a limited number of nuclear DNA 86 markers, previous studies also indicated extensive 87 shared ancestral polymorphisms, suggesting a 88 relatively recent divergence time measured on an 89 effective population size timescale, as well as weak 90 but significant effect of migration (HEUERTZ et al. 91 2006; CHEN et al. 2010; LI et al. 2010a; CHEN et al. 92 2016; TSUDA et al. 2016). CHEN et al. (2016) 93 concluded that the Fennoscandian domain split from 94 the two southern domains of P. abies around 5 95 million years ago (mya), i.e. before the Pliocene-96 Quaternary glaciation, which is consistent with 97 Material & Methods 47 Sample collection 48 Samples in this study consist of 1,672 individuals of 49 three Picea species (P. abies, P. obovata, and P. 50 omorika) with origins extending from 43.0°N to 51 67.3°N in latitude and from 7.3°E to 65.8°E in 52 longitude (Fig. 1) . The samples were gathered 53 through two main channels. First, we collected 54 needles from 1,499 individuals that were initially 55 used to create the Swedish breeding program, i.e. 56 were selected as "plus trees" (trees of outstanding 57 phenotype) in 20-40 years old production forestry 58 stands or selected as "superior" 3-4 years old 59 seedling genotypes in commercial nurseries. This 60 was done across central and Southern Sweden. Of 61 those, 575 individuals had no clear records of their 62 40 45 50 55 60 65 70 0 10 20 30 40 50 60 70 P.omorika P.abies P.obovata Hybrid-zone
Introduction 1
Plant and animal species in Western Europe were 2 exposed repeatedly to ice ages and therefore went 3 through cycles of contraction and expansion from one 4 or multiple refugia (PETIT et al. 2003 ; DEPRAZ et al. 5 2008; SCHMITT AND HAUBRICH 2008; PILOT et al. 6 2014). The dominant paradigm of early 7 phylogeographic studies postulated that species 8 survived the last glacial maximum (LGM) in small estimates of dating based on the molecular clock (~6 1 mya, (LOCKWOOD et al. 2013) ). However, previous 2 studies were limited to fairly simple demographic 3 scenarios, such as "Isolation-with-Migration" models 4 and, in particular, could not distinguish post- 5 speciation contact from migration. None also 6 considered translocations, and samples were 7 generally assumed to be of local origin. Based on 8 historical records on seed used in reforestation, the 9 problem of transfer of reproductive material should 10 be particularly acute in populations of Norway 11 spruce, especially in southern Sweden. During the 12 twentieth century, Sweden imported more than 210 13 tons of seed and more than 600 million plants, 14 primarily for afforestation in Southern Sweden. This Romania that proved to be more resistant to frost 19 than central European provenances (MYKING et al. 20 2016). 21 The release of the Norway spruce genome and the 22 development of reduced genome re-sequencing 23 technologies (e.g. RAD-Seq, exome capture) provide 24 us with the opportunity to investigate genome-wide 25 pattern of diversity in hundreds or even thousands of 26 individuals. Using whole genome polymorphism data, 27 model-based and non-parametric clustering methods, 28 allow detecting and quantifying subtle genetic 29 admixture and migration (see (ALEXANDER et al. 37 In this paper we thus investigated past demographics 38 and recent translocations in Norway spruce using 39 genome-wide SNP data from > 1,600 individuals 40 sampled from: i) populations from southern Sweden 41 that were used to establish the Swedish Norway 42 spruce breeding program, ii) natural populations of 43 P. abies across its natural range and iii) two close 44 relatives, the Siberian spruce (P. obovata) and the 45 Serbian spruce (P. omorika). Points are sampling coordinates of P. abies (orange discs), P. obovata (yellow triangles), P. omorika (red squares), the hybrid populations (gold diamonds); point sizes are proportional to the number of individuals in each location. For P. abies, they consist of both natural population samples and mother trees from common garden trials for the Swedish breeding program. geographical origin; after genotypic clustering 1 analyses, fifteen of them showed high similarity to 2 P. omorika and were thus treated as such in the 3 following analyses. Second, seedlings from 4 individuals coming from natural populations (six P. 5 omorika, 53 P. obovata, 74 P. abies, and 40 hybrid 6 individuals) were collected after seed-germination in 7 growth chambers in 2015. Those protein coding sequences of P. omorika, P. obovata, 71 and the three main domains of P. abies 72 (Fennoscandian, Alpine, and Carpathian). Tajima's 73 D (TAJIMA 1989) and pairwise population fixation 74 indices FST between species and the main domains of 75 P. abies (see below) were also calculated using 76 polymorphisms in noncoding regions. The above validations were performed for error estimation. 19 "Unknown" individuals were then assigned to the 20 various genetic clusters defined from individuals 21 from known origin. The whole regression process was 22 repeated 1,000 times in order to estimate the 23 confidence of each assignment.
24
Admixture inference 25 TreeMix v1.13 (PICKRELL AND PRITCHARD 2012) 26 was used to infer the direction and proportion of 27 admixture events. A maximum likelihood 28 phylogenetic tree was first built for the seven P. 29 abies population clusters, P. obovata, and their 30 hybrids by bootstrapping over blocks of 100 SNPs. 31 P. omorika was used as an outgroup to root the tree. 32 Admixture was tested between each pair of 33 populations and branches were rearranged after each 34 significant admixture event added to the tree. The 35 number of admixture events was estimated by 36 minimizing the residual matrix of model compared 37 to observed data. To avoid over-fitting, we stopped 38 adding admixture when the tree model explained 39 over 95% of the variance. 40 Demographic inference using multidimensional site 41 frequency spectra (SFS) 42 Effective population sizes and divergence times 43 between the three most divergent P. abies clusters 44 (i.e., the Alpine, Carpathian and Fennoscandian) 45 were first estimated. P. omorika was used to polarize 46 the derive allele frequency and shared polymorphic 47 sites between P. omorika and target populations 48 were excluded for stringency. In pilot runs to 49 maximize the likelihood for individual SFS, we noted 50 that estimates of historical Ne for all three 51 populations are much larger than current ones 52 suggesting that current populations had gone 53 through bottlenecks. Therefore, a divergence model 54 was applied with all three populations going through during the first step were used (see Fig. 4 for a 83 description of the model).
84

Results
85
Genetic diversity and population divergence 86 Genetic diversity was calculated at 0-fold and 4-fold and Fennoscandian). On average, we used around 91 30,000 SNPs in 7,453 genes for each calculation. P. 92 omorika harbored the lowest diversity (π4=0.0066), 93 while P. obovata and P. abies exhibited larger values, 94 ranging from 0.0072 to 0.0079. We found less 95 difference in π0 values among the three species 1 (0.0029~0.0032). This led to large π0/π4 ratios in all 2 three species but especially in P. omorika (0.44 3 compared to 0.39 and 0.4, for P. obovata and P. 4 abies, respectively, Table 1 ). Estimates of Tajimas' 5 D were slightly negative but not significantly 6 different from zero for P. obovata (−0.176), for P. Pairwise population fixation indices (FST) in 13 noncoding regions were highest between P. omorika 14 and P. abies domains (average FST = 0.66). The
15
Fennoscandian domain was more closely related to 16 P. obovata (FST = 0.13) and to the hybrid population 17 (FST = 0.1) than the two other P. abies domains were 18 (FST = 0.15~0.22, Table 1 ). This lends further 19 support to the population admixture or gene flow the hybrid populations clustered separately from P. 34 abies, the range of the latter also exhibited clear 35 population genetic structure ( Fig. 2a and Prediction of geographic origin based on genotype 8 similarity 9
As noted above, information on the exact origin of Among the 560 trees that could be assigned, the two 10 largest groups consisted of Alpine and 11 Fennoscandian clusters (37% and 35%, respectively).
12
The results thus suggest that the genomic markers 
Demography inference of ancestry populations in P.
1 abies 2 Multidimensional SFS was first used to estimate the 3 demographic history of the three most divergent P. 4 abies clusters, Alpine (ALP), Carpathian (CAR), 5 and Fennoscandian (FEN), which also represent the 6 three main ancestry components of P. abies in the 7 previous analyses. Assuming an average migration 8 rate of 10 -6 , lead to similar estimates of Ne for the 9 three P. abies domains, around 6,000 to 8,000 (95% 10 CI: 5,000 -11,400), with CAR and FEN populations 11 slightly larger than ALP (Table 3 and Fig. 4 ). The with free varying migration rate: the median 34 migration rate was about 5.9×10 -6 . However, 35 Akaike's weight of evidence supported models 36 considering a fixed migration parameter in 76 out of 37 the 100 runs despite a slightly lower composite 38 likelihood ratio (CLR) of models with migration free 39 to vary. 40 The model goodness-of-fit was estimated by We further extended our demographic inferences to 2 all three spruce species and the hybrid between P. both species had much larger effective population 20 sizes (6×10 5 for FEN and 5.6×10 6 for P. obovata).
21
The hybrid population has a small effective 22 population size around 400, and was established 23 ~1,600 years ago, with almost equal contribution 24 from both species (Fig. 4) . The goodness-of-fit 25 (GOF) for the model can be found in Supplementary   26 file S2. We also provided re-scaled results to account 27 for uncertainty about generation time (Table S1) . In the present study we showed that the current 
35
A second possible source of error comes from the fact 36 that Norway spruce genome is incomplete and highly 37 fragmented, which increases the risk of detecting Furthermore, the distributions of variant quality 63 scores for our SNP dataset also provided strong 64 supports for our quality controls (Fig. S4) .
65
Genetic diversity 66 The π0/π4 is generally interpreted as a measure of 67 the efficacy of purifying selection. However, it is also 68 influenced by demography and, in particular, high 69 values of π0/π4 can also result from the fact that the 70 nonsynonymous diversity (π0) reaches equilibrium 71 faster than synonymous diversity (π4), after a Identifying recent transfers of material 36 The presence in central and southern Sweden, as well 37 as pollen declined at all studied localities, even at lower 7 altitudes at which it was present during the previous 8 Atlantic period (9-5 ka BP).
9
In contrast to the drastic change experienced by P. suggests that the use of alien material did not have 82 any strong negative effect on growth and 83 productivity. In addition, since these trees have been 84 tested through a large number of progeny or clonal 85 tests across Southern Sweden this material provides 86 a unique opportunity to test for local adaptation in 87 Norway spruce and this will be the object of a 88 companion paper. 
